In this work, density functional theory (DFT) combined with the finite field (FF) method has been adopted to analyze the secondorder nonlinear optical (NLO) properties of the triarylborane (TAB) derivatives obtained by introducing different inductive electron groups into the phenylene ring of the TAB (RTAB, where R=2-C 6 H 5 -C 2 B 10 H 10 (1), R=F(2), R=Me(3), R=NO 2 (4), R=NH 2 (5)). The static first hyperpolarizabilities ( tot ) of the RTAB molecules can be switched by binding one F  to the boron center (RTAB′) or one-electron reduction (RTAB"). The DFT-FF calculations show that the  tot values of 2′, 3′ and 5′ decrease while those of 1′ and 4′ increase compared with the values of their neutral molecules, which was attributed to the fact that the charge transfers of 2, 3 and 5 become smaller and those of 1 and 4 become larger by binding one F  ion to the boron center, according to time-domain DFT (TD-DFT) analysis. However, the incorporation of one electron enhances the second-order NLO properties of the RTAB molecules remarkably, especially for system 1. It is notable that the  tot value of reduced form 1″ is 508.69×10 30 esu, i.e. about 578 times larger than that of system 1. Frontier molecular orbital (FMO) and natural bond orbital (NBO) analyses suggest that the reversal of the charge distribution between the neutral molecules and their reduced forms leads to low HOMO-LUMO energy gaps (E 0 ) and thus large  tot values for the reduced forms. triarylborane derivatives, second-order NLO property, NLO switching, DFT Citation: Li X, Sun S L, Ma N N, et al. Quantum chemical studies on tuning the second-order nonlinear optical molecular switching of triarylborane derivatives.
Novel molecular materials with optimal nonlinear optical (NLO) properties are still in great demand because of their primary roles in applications in fields including optical communications and computation, optical switching and limiting, data storage and retrieval, and sensors [1] [2] [3] [4] . Recently, triarylborane (TAB) and its derivatives have attracted increasing attention because of their strong photophysical properties, and have been making greater contributions in the fields of luminescence [5] [6] [7] [8] , optoelectronics (organic light-emitting diodes and electroluminescence (OLED/EL), nonlinear optical and two-photon absorption) [9] [10] [11] [12] , catalytic polymerization [13] [14] [15] and anion sensors [16] [17] [18] , because their intriguing electronic structures come from the p  - conjugation through the vacant p-orbital on the boron atom (p(B)) [19, 20] . It is well known that the molecular second-order NLO properties depend not only on the nature of the -conjugation but also on the strengths of the donor and acceptor groups [21] . Thus, in this report, we have introduced the conventional electron donor or acceptor substituent groups to the phenylene ring of the TAB to optimize its NLO properties. We have also studied closo-C 2 B 10 H 12 carborane with an aryl group from the perspective of its use as a novel substituent on the phenylene ring of TAB. It was found that not only it does the carborane enhance Lewis acidity by the formation of an electron deficient cage, but also it leads to high stabilization of the vacant p(B) for the TAB used in the experiment [22] .
Although efforts over several decades in the NLO field have resulted in far-ranging studies on the design, synthesis, structure, reactivity and application of these materials, a number of strategies have also been extensively studied as a part of this progress [23] . The primary aim is to be able to reversibly switch and effectively modulate the NLO response of a molecule [24, 25] . To solve this problem, some novel concepts including oxidation/reduction [21] , photoisomerization [26] , photoinduced proton transfer [25] , and protonation/deprotonation [24] have been extensively investigated experimentally and theoretically, particularly for the redox switching of NLO properties. Among the redox switching methods, Coe et al. [27, 28] and Li et al. [29, 30] reported that the second-order NLO properties of many new chromophores change substantially under the influence of these redox processes. We therefore also decided to investigate the effects of redox switching on the NLO properties of our systems.
It has also been reported that the boron (B) atom shows a strong affinity toward fluoride ion (F  ), and the binding of F  to the B center can switch and modulate the material's optical properties [31, 32] . For example, the spectroscopic properties of a luminescent rhenium(I) tricarbonyl diimine complex with a TAB moiety and its F  derivative were investigated by density functional theory (DFT) approach, where binding of F  results in reconfiguration of the molecular geometry and variation of the optical properties [33] . The NLO properties of dibenzoborole derivatives were calculated by Muhammad et al. [34] . Their results show that the binding of one F  to the B atom of dibenzoborole or the one-electron reduction process leads to a higher charge transfer (CT), thus larger  values should be obtained. This indicates that the NLO properties of TAB and its derivatives could be also modified by binding F − to the B center.
We have adopted quantum-chemical calculations to analyze the electronic structure, linear optical properties and NLO properties of a series of triarylborane derivatives in this work. To utilizeuse these molecules more effectively, we have analyzed NLO properties switching for these compounds by reducing one electron to neutral form and binding F  to a boron center.
Theoretical methods and calculation models
All calculations were performed using Gaussian 09W program [35] . The geometries of all systems with all real frequencies were optimized using B3LYP level in combination with the 6-31G(d) basis set. The natural bond orbitals (NBOs) were calculated for the selected molecules at the same level. The molecular electronic spectra were obtained using TD-PBE0 (also known as PBE1PBE) exchange correlation functional with 6-31+G(d) basis set. The PBE0 functional is based on the Perdew-Burke-Ernzerhof (PBE) generalized gradient functional by mixing of 25% of Hartree-Fock exchange, calculated using the Kohn-Sham orbital, with 75% of PBE exchange, and PBE0 method has been successfully adopted to study the electronic spectra of many systems [36] [37] [38] [39] .
In finite field (FF) method, when a molecule is subjected to a static electric field (F), the energy (E) of the molecule is expressed as
where E (0) is the energy of the molecule in the absence of an electronic field,  is a component of the dipole moment vector,  is the linear polarizability tensor,  and  are the first and second hyperpolarizability tensors, and i, j and k are labels for the x, y, and z components, respectively. For each molecule, the static first hyperpolarizability  tot was calculated using the following equation:
 x ,  y and  z are the components of the second-order polarizability tensor along the x-, y-and z-axes, respectively. They were calculated using the following equation:
In this work, the first hyperpolarizabilities for all systems were evaluated using the FF approach with a field frequency of 0.0010 au at CAM-B3LYP/6-31+G(d) and BHandHLYP/ 6-31+G(d) levels to check the consistency of our calculations. In many reports, it was found that CAM-B3LYP [40, 41] and BHandHLYP [42, 43] results are close to the reference CCSD and MP2 values, which indicates that both of these methods are very effective and accurate for calculation of the first hyperpolarizability. We have therefore adopted the two quantum chemical approaches to calculate the first hyperpolarizabilities of all systems studied.
As shown in Figure 1 , the derivatives of TAB have been systematically investigated using three sets of chemical models in this work. Five neutral molecules, 1, 2, 3, 4 and 5, which are integrally called RTAB, are derived from TAB by introducing different inductive electron groups (R) into the phenylene ring. The compounds of RTAB′ (1′, 2′, 3′, 4′ and 5′) are obtained by binding one F  to the B atom of the neutral molecules. RTAB″ represents reduced forms of RTAB consisting of 1″, 2″, 3″, 4″ and 5″. Among these models, 1, 2, 3 and 1′ have been experimentally synthesized with good thermal stabilities by Huh et al. [22] , while other compounds were designed to compare properties with system 1 in this study. The origin of the coordinate system is placed in the C(5) atom with the z-axis along the bonding orientation between the C(5) atom and the B(1) atom. The xz plane is the plane of the phenylene (as seen in Figure 1 ).
The selected bond lengths and angles of systems 1 and 1′ optimized with B3LYP/6-31G(d) method are listed in Table  1 . The calculated data are seen to be in excellent agreement with the experimental data, which suggests that the method and basis sets selected in this job are highly reliable for the systems studied.
Results and discussion

Electronic spectrum
The TD-DFT calculations were performed to obtain the electronic spectra of the closed-shell systems 1-5 and 1′-5′ at PBE1PBE/6-31+G(d) level. Table 2 shows the absorption wavelengths(), transition energies(E), oscillator strengths(f) and major contributions of all of the closed-shell systems. The calculated results show that the strong absorption values of systems 1, 2 and 3 are at 272.5, 264.2 and 269.7 nm, respectively, and these results are in good agreement with the experimental results reported by Lee et al. [22] (270 nm for 1, 260 nm for 2 and 265 nm for 3). This suggests that PBE1PBE/6-31+G(d) is a good choice to investigate the absorption spectra in our study. The electron density difference (EDD) maps involved in the crucial transitions are shown in Figure 2 .
Obviously, from Figure 2 , the absorption band of system 1 is assigned the crucial excitation that gives the CT from the phenylene moiety to p(B). Analogous electronic spectra are observed in systems 2 and 3, despite a slight blue-shift compared with 1, although the R group is different. In particular, the strong absorption of system 4 is mainly attributed to a crucial excited state containing a strong CT from the phenylene and dimesitylboron (Mes 2 ) to the p(B) and nitrogen, and the red-shift compared to 1-3 may arise from this CT pattern. For system 5, the electron transition consists of the CT from the amino group and phenylene to the vacant p(B) and the -* transition of conjugated phenylene, which leads to a further red-shift of the absorption band.
For the corresponding F  compounds, the crucial electronic transitions of 1′ can be considered as a transition from F  , phenylene and Mes 2 to the phenyl group linked with carborane. A stronger degree of CT than 1 is the main reason for the red-shift of 1′. The absorptions of systems 2′ and 3′ are similar because the crucial excited states both originate from the Mes 2 to phenylene transition. Interestingly, the participation of F  is not found, which may be the reason why blue-shifts are observed in 2′ and 3′. The electronic spectrum of system 4′ is similar to that of 1′ because of the participation of F  beside the promotion of the electron from Mes 2 to nitrogen, with a small contribution from phenylene, and the red-shift compared with the neutral system 4 is logical. Unexpectedly, for system 5′, the crucial electronic transitions correspond to the CT from the amino group and phenylene to Mes 2 , and F  again does not take any part in the CT, similar to systems 2′ and 3′, and thus a blue-shift was observed. Careful analysis of the EDD maps for the neutral molecules and their F  compounds shows that in systems 1, 2, 3, 4 and 5, the B atom plays a major role in the formation of the unoccupied molecular orbital because of the electron deficient structure formed by the vacant p(B). The vacant p(B) effectively overlaps with the adjacent -skeleton of the benzene rings and gathers most of the electrons to itself. However, the binding of F  to the B atom turns off the p  -* conjugation of vacant p(B) in the F  compounds, resulting in the large CT in systems 1′ and 4′, and the small CT in systems 2′, 3′ and 5′. These changes have an important effect on the NLO responses of the F  compounds.
NLO properties of the studied systems
The first hyperpolarizabilities for RTAB and RTAB′ were evaluated by the FF approach using CAM-B3LYP/6-31+ G(d) and BHandHLYP/6-31+G(d) levels. The components  x ,  y ,  z and the static first hyperpolarizability  tot values for all of the systems are presented in Table 3 . As shown in Table 3 , although the  tot values obtained by CAM-B3LYP method are slightly larger than those obtained by BHandHLYP method, the overall change trend obtained by both methods is consistent, and thus the static first hyperpolarizabilities of RTAB″ have been calculated at only CAM-B3LYP/6-31+ G(d) level, considering the larger size of the systems studied and the associated computational costs.
(1) Closed-shell systems 1-5 and 1′-5′. Some changes in the NLO properties can be observed after introducing Table 3 . For the neutral forms 1-5, the  tot value decreases in the order 5>4>23>1. For the various R groups, the amino group is a strong electron-donating group and the nitrogen is a strong electron acceptor. We concluded that the introduction of a strong electron-donating group into TAB would be favorable for improving NLO responses, while the fluorine and methyl act as donors according to the EDD maps. Unexpectedly, the NLO responses of 2 and 3 are found to be smaller than that of 4 with the electron acceptors, which implies that the CT pattern of 4 is polydirectional in comparison with the others. Actually, the carborane is sufficiently electron-deficient to be an electron acceptor, but no CT occurs on it, which may be attributed to the electron-rich phenyl group compromising the donor-acceptor ability. The CT of system 1 is thus weaker than that of the other systems, and causes the smallest NLO responses.
For the RTAB′ compounds, when compared with the  tot of their respective neutral molecules, the values of 2′, 3′ and 5′ decrease, but those of 1′ and 4′ increase.
To further explain the origins of the second-order NLO properties of these systems, a widely used two-level model is applied to estimate :
where f, E and  are the oscillator strength, the transition energy and the difference between the dipole moments of the ground state and the mth excited state, respectively. In the two-level expression, the first hyperpolarizability, , is proportional to the oscillator strength and is inversely proportional to the cube of the transition energy. For a molecule, the transition energy is therefore the decisive factor for large  values.
As seen in Table 2 although its E value is smaller than that of 2 and 3, which is inconsistent with their  tot values, careful analysis of the EDD maps involved in the crucial transitions suggests that the CT of 1 is not obvious in the transition process compared with that of 2-5 in Figure 2 , and thus its  tot value is the smallest. There is also a contrary relationship between the  tot values and E values for the neutral molecules and their F  compounds. For example, compared with the E value (4.32 eV) of system 4, the E value of system 4′ is 3.56 eV in the crucial transition, so it is reasonable that the  tot value (18.25×10 30 esu) of 4′ is larger than that of system 4 (8.65×10 30 esu), which is also in agreement with the conclusions obtained from the CT of the crucial excited state.
The frontier molecular orbitals (FMOs) of all of the systems are shown in Figure 3 . From Figure 3 , it is obvious that the highest occupied molecular orbitals (HOMOs) of the neutral molecules 1, 2, 3 and 4 delocalize primarily over the Mes 2 , whereas the lowest unoccupied molecular orbitals (LUMOs) localize largely on the B atom of the TAB moiety and the phenylene, with a small contribution from R. The Mes 2 thus acts as the donor, while the phenylene and B atom are considered to be the acceptors in these systems. The HOMO-LUMO electronic transitions can be attributed to CT from the Mes 2 to the phenylene and the vacant p(B). For their F  compounds, the HOMOs are primarily centered on the Mes 2 and sparingly centered on the B atom and F  , while the LUMOs are found on the phenylene and R. The HOMO-LUMO electronic transitions correspond to CT from the Mes 2 and p(B) to phenylene and the R groups in these systems. Also, the CT in systems 2′ and 3′ becomes smaller than that in their neutral forms, whereas that of 1′ and 4′ becomes greater than that of the neutral forms. These changes are in accordance with their  tot values. However, 5
and 5′ are different from other systems in the same series. (2) Open-shell systems 1″-5″. We first analyze the redox properties of RTAB″. It is well known that changes in the electronic properties related to the HOMO and LUMO of a molecule can lead to a change in the redox properties. The distribution of the FMOs can thus be used to illustrate the redox properties of the molecules. As shown in Figure 3 , the LUMO of system 1 localizes largely on the phenylene, B atom and carborane with phenyl group. It is thus likely that the phenylene, B atom and carborane with phenyl group are the reduction centers of 1. To prove this, spin density distribution (SDD) plots of all of the reduced systems are shown in Figure 3 . We can see that 74.2% of the spin density of system 1″ localizes on the carborane with phenyl group (Table 4) , while the phenylene and B atom carry a smaller spin density, indicating that the carborane with phenyl group is the main reduced center in system 1. The geometric structure also shows a great change in the reduction center because of the incorporation of one electron. Table 1 shows the key bond lengths and angles of 1 and 1″, in which the B(1)−C(6) and B(1)−C(3) bond lengths are altered slightly, whereas the C(4)−C(1)and C(1)−C(2) bond lengths increase greatly during the reduction process. Similar changes in the corresponding bond angles are also observed. These bond parameters also indicate that reduction occurs mainly in the carborane with phenyl group for 1. The other four systems are quite different to system 1. The FMOs and the SDD plots show that the reduction centers of 2, 3 and 5 concentrate mostly on the B atom at about 70%. The SDD plot of 4″ localizes largely on the B atom at about 39%, the phenylene at about 31% and the nitrogen at about 35%, which is same as the LUMO distribution of 4. Thus, the B atom, nitrogen and phenylene are the reduction centers for 4. In summary, the carborane with phenyl group has a greater ability to capture an extra electron than the other inductive electron groups involved in the reduction process. We can see from Table 3 and 5″ are 578, 7.51, 2.32 and 22.80 times larger than those of their corresponding neutral molecules, and only the  tot value of 3″ is smaller than that of 3; the reason for this is given in the following section. This indicates that the appropriate incorporation of one electron could cause a remarkable enhancement in the molecular second-order NLO properties.
The FMOs of all of the systems were analyzed to explain the origins of the unusual second-order NLO properties of the reduced forms (as seen in Figure 3 ). The HOMOs of the reduced forms have major contributions on the R, phenylene and B atom, while the LUMOs mainly localize on the Mes 2 . The HOMO-LUMO electronic transitions can be attributed to CT from p(B), R and phenylene to Mes 2 . The p  - conjugation of vacant p(B) is turned off in the transition process. Consequently, R and phenylene act as electron donors, while Mes 2 acts as an electron acceptor in the reduced forms. Alternatively, in the neutral systems 1, 2, 3 and 4, the Mes 2 acts as the donor, and the phenylene and B atom are considered to be the acceptors. The HOMO-LUMO electronic transitions correspond to CT from the Mes 2 to phenylene and vacant p(B). This formation is regarded as a reversal of the charge distribution between the neutral molecules and their reduced systems, which leads to the low HOMO-LUMO energy gaps (E 0 ) in the majority of the reduced systems, with the exception of 3″ (as seen in Figure 3 ). For system 1, the E 0 value of 1 is 4.10 eV, while that of 1″ is 1.47 eV. The smaller E 0 value causes a larger contribution to the second-order NLO properties, which is one of the crucial factors in explaining the larger  tot values of the reduced systems. However, for system 3, the electron reduction has no impact on the enhancement of the  tot value because of the small change to the E 0 value.
To shed further light on the reversal of the charge distribution, it is necessary to analyze the relationships of the electronic structure properties. NBO analyses of the partial neutral molecules and their reduced forms have therefore been performed. The combination of the results from the NBO analyses and the FMOs shows that system 1 has a small NBO charge (0.30234 e) in the carborane with phenyl group and phenylene (as seen in Figure 4) , and thus the carborane with phenyl group and the phenylene act as the weak acceptors and the Mes 2 acts as the weak donor in the HOMO-LUMO electronic transitions (see Figure 3 ), which Figure 4 The NBO charges along with a graphical representation of systems 1 and 1″ explaining the reversal of charge distribution in the reduction process.
indicates that system 1 has a weak push-pull configuration. For the reduced form of system 1 (system 1″), the negative charge is mainly distributed in the carborane with phenyl group and the phenylene (1.12 e). The carborane with phenyl group and the phenylene change into stronger donors because of the incorporation of the single electron in the transition process. This strong push-pull configuration helps to increase the NLO responses, and thus the second-order NLO properties of system 1″ are the most outstanding. The reversals of the charge distribution for the other systems are similar. The NBO charge of the R group and phenylene is 0.32 e in system 4, while it is 0.89 e in system 4″. We can see that the reversal of the charge distribution is the most noticeable between systems 1 and 1″, leading to the greatest change in their second-order NLO properties.
In general, we can see that the changes in the  tot values are larger in the reduced forms than that in the F  compounds, especially for system 1. Compared with the neutral form 1, the  tot value of the reduced form 1″ is 578-fold larger, while the  tot value of the F  compound is 19.5-fold larger. The substantial enhancement of the second-order NLO responses makes system 1 a potential candidate for a new type of "on/off" switchable NLO molecular material, where the neutral molecule 1 and Fˉ compound 1′ act as the trigger for the nonlinear switch-OFF, while the reduced anion 1″ acts as the nonlinear switch-ON.
Conclusions
A systematic DFT calculation was carried out on a series of TAB derivatives. The DFT calculations show that the order of the  tot values for the molecules obtained by introducing different inductive electron groups into the phenylene ring of the TAB (RTAB) is 5>4>23>1, which indicates that the introduction of a strong electron donor group into TAB could lead to very favorable improvements in the NLO properties. We have also looked at ways to reversibly switch and effectively modulate the NLO properties of the RTAB molecules by binding one F  ion to the boron center (RTAB′) or reducing one electron (RTAB″). For the RTAB′ compounds, the  tot values of 2′, 3′ and 5′ are smaller, but those of 1′ and 4′ are significantly larger than the values of their neutral forms because of the binding of the F  ion to the boron center. TD-DFT results and EDD map analyses of the RTAB and RTAB′ molecules show that the binding of F  to the boron center causes a series of results, such as the red-shift in the absorption for 1′ and 4′, the blue-shift in the absorption for 2′, 3′ and 5′, and the turning off of the p  -* conjugation of the vacant p-orbital of the boron atom. These results lead to a large charge transfer in systems 1′ and 4′, and smaller charge transfer in systems 2′, 3′ and 5′. These changes are in accordance with their  tot values.
In the RTAB″ forms, incorporating one extra electron in systems 1, 2, 4 and 5 causes significant enhancement of the second-order NLO responses, especially for system 1. The  tot value of system 1″ is about 578 times as large as that of system 1. Compared with the neutral molecules, the charge distribution is reversed for the reduced forms, which leads to low HOMO-LUMO energy gaps and large  tot values for 1″, 2″, 4″ and 5″. For system 3, electron reduction has no impact on enhancement of the  tot value. FMO and NBO analyses show that system 1 has a weak push-pull configuration, while the push-pull configuration of system 1″ is strong, resulting in the lowest HOMO-LUMO energy gap and the largest  value. Our investigation has not only confirmed the origins of these second-order NLO responses for the F  compounds and one-electron reductions of TAB derivatives, but has also predicted that the present boron systems can potentially provide significant "on/off" switchable NLO molecular materials. 
